On the behavior of titanium within thermal barrier coatings and its influence on residual stress within the TGO by Bennett, Robbie J. et al.
Engineering Conferences International
ECI Digital Archives
Thermal Barrier Coatings IV Proceedings
Summer 6-23-2014
On the behavior of titanium within thermal barrier
coatings and its influence on residual stress within
the TGO
Robbie J. Bennett







Follow this and additional works at: http://dc.engconfintl.org/thermal_barrier_iv
Part of the Materials Science and Engineering Commons
This Conference Proceeding is brought to you for free and open access by the Proceedings at ECI Digital Archives. It has been accepted for inclusion in
Thermal Barrier Coatings IV by an authorized administrator of ECI Digital Archives. For more information, please contact franco@bepress.com.
Recommended Citation
Robbie J. Bennett, Ian Edmonds, Neil Jones, and Catherine Rae, "On the behavior of titanium within thermal barrier coatings and its
influence on residual stress within the TGO" in "Thermal Barrier Coatings IV", U. Schulz, German Aerospace Center; M. Maloney,
Pratt & Whitney; R. Darolia, GE Aviation (retired) Eds, ECI Symposium Series, (2015). http://dc.engconfintl.org/
thermal_barrier_iv/11
Monday, June 23, 2014  Session 2 
ON THE BEHAVIOR OF TITANIUM WITHIN THERMAL BARRIER COATINGS AND ITS INFLUENCE 
ON RESIDUAL STRESS WITHIN THE TGO 
 
Robbie. J. Bennett, University of Cambridge, United Kingdom  
rjb222@cam.ac.uk 
Ian Edmonds, Rolls-Royce, United Kingdom 
Neil Jones, Rolls-Royce, United Kingdom 
Catherine Rae, University of Cambridge, United Kingdom 
 
Department of Materials Science and Metallurgy, The University of Cambridge, 27 Charles Babbage 
Road, Cambridge, CB3 0FS 
Rolls-Royce plc, PO Box 31, Derby, DE24 8BJ, UK 
 
Key Words: Residual Stress, DFT, Rutile, TBC, Spallation 
 
Improving the adherence of Thermal Barrier Coatings, thereby increasing the serviceable lifetime of 
coated components, is of paramount importance within the field of superalloys today. The main focus of 
this research is to characterise the behavior of titanium, an alloying element used in nickel based 
superalloys for its low density and L12 precipitate strengthening characteristics. Titanium forms rutile 
(TiO2) at elevated temperatures, which is highly thermodynamically stable. It is not currently known how 
detrimental rutile formation is regarding alumina and TBC spallation and whether its formation is 
consistent between different TBC systems. These are the questions that we have endeavored to answer 
and in doing so, provide manufacturers with some insight into whether titanium removal from blades is 
warranted or not.  
 
This research focuses on analysing the interaction between three commercially used diffusion coatings 
and a nickel based superalloy CMSX-4. The coatings applied are alumide, Pt-alumide and Pt-modifed 
γ/γ′. The research has two main themes, firstly diffusion and secondly oxidation. Results of quantitative 
EPMA show that titanium diffusion towards the surface varies between coatings, and has a strong 
correlation with the use of platinum within coatings. The concentrations of Ti within Pt-aluminide coatings 
after 100 hours oxidation in air at 1100°C were found to be twice as high as those within the plain 
aluminised CMSX-4 samples. Furthermore uphill diffusion of Ti was observed to occur within Pt-modifed 
γ/γ′ after the same exposure. In order to examine the effect of platinum additions on the diffusive behavior 
of titanium, first principle calculations using the density functional theory implementation CASTEP have 
been performed. In an ordered lattice structure, diffusion of a solute species must occur via the presence 
of defects, either anti-site (NiAl) or vacancy (VNi). Moreover clustering of these defects leads to increased 
opportunities for solute diffusion and hence increased diffusion rates within that structure. We have 
shown that the use of Pt strengthens defect formation and defect clustering within the Ni3Al L12 phase. By 
increasing the amount of defect clusters Ti can diffuse more freely from the substrate through the coating 
to the surface. 
 
By using XRD and EPMA mapping techniques we have shown that during both cyclic and isothermal 
oxidation in air at 1100°C, rutile particles form throughout the alumina scale. Rutile formation occurs for 
all three coating types although predominantly within plain aluminide coatings for reasons currently 
unknown. We have hypothesised that the use of Pt also decreases the porosity of the alumina scale, 
making it more difficult for the outwardly diffusing Ti to oxidise. Further analysis of these particles by 
precession TEM diffraction has helped to establish whether there is an orientation relationship between 
the rutile particles and the alumina matrix. By using Raman spectroscopic mapping, it has also been 
possible to obtain luminescence and Raman spectra over the same region of an oxidised specimen of Pt 
coated CMSX-4. By measuring the Cr3+ R-line peak shift in α-Al2O3 and rutile Raman signal, both TGO 
residual stress and rutile have been mapped for the same region. The formation of rutile increases the 
residual compressive stress for the surrounding region.  
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